Birds have evolved phenotypic plasticity in growth and developmental patterns in order to respond to fluctuating environmental conditions and to mitigate the impact of poor feeding on fitness. Chronic food shortage can occur during chick development in the wild, and the responses of altricial birds have not been thoroughly studied. House sparrow (Passer domesticus) nestlings were raised in the laboratory on age-specific meal sizes (controls) or meal sizes 25% less than age-specific amounts (foodrestricted) and analyzed at 6, 9 and 12days post-hatch for differences in growth and development. Food-restricted birds had significantly reduced body mass and body temperature, but skeletal growth was maintained with respect to controls. Muscle mass was significantly reduced and muscle water content was slightly, though not significantly, higher in food-restricted birds, which may reflect slight developmental immaturity. Assimilation organ masses, summed enzymatic capacity of the intestine and lipid content of the liver were significantly reduced in food-restricted birds. Findings from this study indicate that altricial birds experiencing chronic, moderate food restriction throughout the nestling period may allocate resources to structural growth through energy-saving reductions in mass of assimilation organs and body temperature.
INTRODUCTION
Chronic, moderate food shortage can occur during development of altricial birds in the wild because of fluctuating environmental conditions, inadequate parental delivery of food to the nest or sibling competition for the delivered food within the nest. Additionally, climate change is affecting the phenologies of breeding birds and their prey, causing asynchrony between the timing of nestling needs and the availability of the resources on which they depend (Thomas et al., 2001; Visser et al., 2006) . Nestling altricial birds are featherless and immobile at hatch, and rely solely on parental delivery of food to the nest for up to several weeks prior to fledging. The nestling period of altricial birds is an energetically demanding time period during which rapid anatomical growth and considerable maturation in physiology and biochemical digestive capacity occurs (Caviedes-Vidal and Karasov, 2001) . Altricial birds undergo more rapid growth and generally reach asymptotic size in a shorter period of time during the post-hatch period compared with precocial birds, which hatch with more mature tissues and thermoregulatory and locomotive abilities (Ricklefs, 1973; Ricklefs, 1979) . Consequently, food shortage experienced during the energetically demanding nestling period may have a considerable impact on growth and development prior to fledging and on future survival and fitness of altricial birds in the wild.
Evolved plasticity in growth and developmental patterns allows birds to respond to fluctuating environmental conditions and to mitigate the impact of poor feeding conditions on chick survival. A growing bird's response to food shortage may depend on the magnitude, duration and frequency of the shortage, as well as the timing of the shortage with respect to the course of the bird's growth (Schew and Ricklefs, 1998) . If growth and development cannot be maintained at the normal pace, given the available food intake and energy stores, birds may slow or arrest growth and maturation until sufficient resources become available. Alternatively, they may preferentially allocate resources to body parts that are more crucial to survival and future success at the expense of other less crucial parts (Schew and Ricklefs, 1998) . Studies of acute food restriction (lasting for less than 1week during the nestling period) and chronic food restriction (lasting for a substantial part of the nestling period) can be used to examine this plasticity in growth and developmental patterns in altricial birds.
Organs of assimilation, such as the intestine and liver, process food to fuel growth and thus represent a large proportion of the total body mass at hatch and early in development when rapid body growth occurs (Starck, 1996) . Some studies of food restriction in growing birds have demonstrated maintenance of assimilation organ masses and intestinal enzymatic capacity during food shortage (Konarzewski and Starck, 2000; Moe et al., 2004; Takenaka et al., 2005; Fassbinder-Orth and Karasov, 2006) , which allows birds to maintain digestive efficiency to meet the demands of growth (Karasov, 1996) . However, maintenance of assimilation organ size during food shortage can be energetically costly, given the high metabolic activity and cell turnover rates of these organs . Thus, other studies have shown that growing birds2001; Moe et al., 2004) in response to energy limitations encountered during acute and chronic reductions in food intake. Assimilation organ processing capacity is therefore relatively flexible and can be adjusted to meet changing energy demands and nutrient flow during growth.
Slowed maturation (i.e. acquisition of adult function) because of food restriction may be apparent in measurements of water, lean and lipid content of the soft tissues. Muscle water content of lean tissue is a commonly used index of functional maturity of muscle tissue, because water content declines with age in parallel with increasing functional lean content such as contractile proteins and metabolic machinery (Marsh and Wickler, 1982; Choi et al., 1993) . Indeed, the age-related decline in muscle water content is inversely correlated with increasing metabolic response to cold stress in hatchling passerine birds (Ricklefs, 1967; Ricklefs and Webb, 1985) , supporting the use of this tissue composition measure as an index for muscle maturity. Additionally, tissue lipid content can indicate maturity, as lipid stores are low at hatch and allocation of resources to lipid accumulation typically occurs only after substantial growth of internal organs and skeletal structures has been attained (Reid et al., 2000) . Decreases in body lipid content and lean tissue mass occur in altricial passerines that are food-restricted through brood manipulation during the nestling period (Burness et al., 2000) . One study of moderate, chronic energy restriction in semi-precocial elegant terns showed that reductions in lipid content prevented reductions in lean tissue matter in restricted birds (Dahdul and Horn, 2003) , indicating allocation of limited food energy in favor of maintenance and growth over storage. Thus, measurements of lean dry mass as well as water and lipid content can reflect patterns of maturation and trade-offs in allocation in growing birds experiencing food shortage.
Skeletal growth during food shortage appears to be less flexible than patterns of soft tissue growth. A number of studies have shown that altricial (Lepczyk and Karasov, 2000; Moe et al., 2004) , semialtricial (Negro et al., 1994; Reid et al., 2000) and semi-precocial (Takenaka et al., 2005) birds that are food-restricted during the nestling period maintain skeletal growth despite reductions in the mass of the whole body and soft tissues. Some studies of chronic food restriction show that if birds receiving inadequate quantities of food during the nestling period decrease structural growth, then decreased competitive ability within the nest, delayed fledging and reduced recruitment and survival after fledging may result (Cruz and Cruz, 1990; Searcy et al., 2004; Mock et al., 2009; Miller, 2010) . Thus, prioritizing growth of skeletal structures during the growth period may prevent long-term negative effects of food shortage.
Few studies have examined the effects of chronic food restriction imposed early post-hatch and lasting throughout the majority of the nestling period in passerines. Of the studies that have been performed, body mass and skeletal growth measures were tracked throughout the restriction period yet measurements of the impact of food restriction on various internal tissues were not performed until the end of the chronic restriction period, near fledging age (Burness et al., 2000; Searcy et al., 2004) . Given that altricial passerines can commonly experience food restriction while undergoing rapid growth during their brief nestling period (Thomas et al., 2001; Torok et al., 2004) , it is of interest to understand the patterns of allocation to growth of various body tissues at several time points throughout chronic restriction. In this study, we imposed chronic 25% food restriction spanning the nestling period of house sparrows [Passer domesticus (Linnaeus 1758)] through hand rearing in the laboratory. Chronic restriction began at 3days post-hatch, and birds were sampled at 6, 9 and 12days post-hatch (2-3days prior to fledging) to examine the patterns of growth and maturation of assimilation organs, muscles and the skeleton during the course of growth. We expected that in response to chronic, moderate restriction, nestling birds would reduce assimilation organ size and enzyme activity to match reduced food intake and decrease lipid storage and body temperature to free energy resources for maintenance of skeletal growth.
MATERIALS AND METHODS

Study site and bird collection
House sparrow nest sites, both wooden nest boxes and natural nests, were located in dairy barns on the University of Wisconsin-Madison campus. In early May 2010, all potential nesting locations in the barns were checked weekly to note the onset of egg laying. From mid-May to mid-July, we visited the 23 known active nesting sites daily, between 08:30 and 10:30h CST, to ensure accurate and consistent aging of nestlings. At each visit, we counted eggs and noted the number of nestlings in each nest (average brood sizefour nestlings). We recorded the date that a new nestling was found as 'day 0' of age for that nestling. Nestlings were marked with colored permanent marker and returned to the nest so that each bird could be distinguished from its nest mates on later dates. Nestlings were collected from the nest on day 3 post-hatch and transported to our laboratory. Nestlings were placed in round tissue-lined plastic containers (445cm 3 ) and housed in an environmental chamber under constant conditions of 15h:9h light:dark photoperiod (lights on 06:00h), 35°C chamber temperature and 40-45% relative humidity. All experimental procedures were accepted by the University of Wisconsin, Madison, Ethics Committee (permit no. RARC A-01396-6-29-09).
Feeding protocol
A total of 60 nestlings were raised in the laboratory beginning on day 3 post-hatch, with 10 nestlings assigned to each treatment group (control and food-restricted at 6, 9 and 12days post-hatch). Nestlings from the same brood were randomly assigned to different age and feeding treatment groups. Birds were hand-fed a synthetic starchcontaining diet developed by E. Caviedes-Vidal (Lepczyk et al., 1998) , which has been shown in previous studies to provide adequate nutrition and hydration for growing house sparrows (Lepczyk et al., 1998; Brzęk et al., 2009 ). Nestlings were hand-fed either age-specific meal sizes (control group) or meal sizes 25% less than age-specific amounts (food-restricted group) based on the assigned treatment group. Age-specific and food-restricted meal sizes were based on previous studies (Lepczyk et al., 1998; Brzęk et al., 2009) and preliminary hand-feeding trials in house sparrows. Beginning at 06:30h, nestlings were removed from the environmental chamber hourly and fed using a 0.50 or 1.0ml syringe (depending on meal size) for a total of 15 meals per day. Food-filled syringe mass (±0.01g) was recorded prior to feeding and weighed following feeding to calculate the exact meal mass delivered.
Tracking body mass, skeletal lengths and body temperature
Body mass and body temperature, using a thermocouple inserted approximately 1cm into the bird's cloaca, were recorded daily before the first feeding at 06:30h. Skeletal lengths [skull (head+beak), tarsus and wing (radius)] to the nearest 0.10mm were also measured daily using digital calipers.
Assimilation organ and muscle measurements
On day 6, 9 or 12 post-hatch (between 13:30 and 15:30h), nestlings were euthanized with CO 2 . Blood samples were taken for another study. Birds were then dissected to remove the small intestine, liver, pancreas and gizzard. Wet masses of internal organs were recorded (±0.10mg). Intestines were flushed with ice-cold avian Ringer solution, cut into three sections corresponding to proximal, middle and distal regions, blotted dry, massed and measured for section area calculations. Intestinal sections were immediately stored in cryovials and preserved in liquid nitrogen for later measurement of digestive enzymes (see Intestinal enzyme assays, below). Livers were dried to a constant mass in a 60°C drying oven for tissue composition analyses (see Tissue composition analyses, below). Dissected carcasses were immediately placed in the freezer in sealed plastic bags until further analysis.
At a later date, the dissected bird carcasses were removed from the freezer, and allowed to only partially thaw to facilitate dissection but reduce water loss from the tissue. The flight muscles (pectoral and supracoracoideus muscles) and leg muscles (muscles of the femur and tibiotarsus) of the right side were then dissected. Dissected muscles were placed into tared aluminum weigh boats and covered with a damp paper towel until the wet muscle mass was measured (±0.1mg). Wet muscles and containers were dried in a 60°C drying oven to a constant mass until analyzed for composition (see Tissue composition analyses, below).
Intestinal enzyme assays
We measured the disaccharidase and aminopeptidase-N activity of membrane-bound enzymes in whole-tissue homogenates of the proximal, medial and distal regions of the intestine. Enzyme parameters for a given bird were all measured on the same day. The enzyme assays of all experimental birds were run over several days, with birds from different experimental groups run on each day to avoid bias. We assayed maltase activity using a modification of the colorimetric method developed by Dahlqvist (Dahlqvist, 1984) . Assays are described in detail elsewhere (Caviedes-Vidal and Karasov, 2001; Fassbinder-Orth and Karasov, 2006; Brzęk et al., 2009 ). Briefly, a small piece of intestinal tissue from each section was randomly sampled, thawed at 4°C and homogenized (Omni 5000 homogenizer, Omni International, Waterbury, CT, USA; 30s, setting 6) in 350mmoll -1 mannitol in 1mmoll -1 Hepes-KOH, pH7.0. Gut homogenates (30l) diluted 1:250 with 350mmoll -1 mannitol in 1mmoll -1 Hepes-KOH were incubated with 30l of maltose substrate (56mmoll -1 maltose in 0.1moll -1 maleate-NaOH buffer, pH6.5) at 40°C for 20min. Next, 400l of a stop-develop reagent (GAGO-20 glucose assay kit; Sigma-Aldrich, St Louis, MO, USA) was added to each tube, vortexed and incubated at 40°C for 30min. Lastly, 400l of 12moll -1 H 2 SO 4 was added to each tube, and the absorbance at 540nm was measured. Each gut homogenate was assayed in triplicate for maltase activity, and the average absorbance from the triplicate assays is reported. The mean coefficient of variation (s.d./mean) of the triplicate assays of maltase activity across all samples was 0.066±0.006.
We used L-alanine-p-nitroanilide as a substrate for aminopeptidase-N assays. To start the reaction, we added 10l of the undiluted homogenate to 1ml of assay mix (2.0mmoll -1 Lalanine-p-nitroanilide in one part 0.2moll -1 NaH 2 PO 4 /Na 2 HPO 4 buffer, pH7 and one part deionized H 2 O) previously heated to 40°C. The reaction solution was incubated for 20min at 40°C and then stopped with 3ml of ice-cold 2moll -1 acetic acid, and absorbance was measured at 384nm. Each gut homogenate was assayed in triplicate for aminopeptidase-N activity, and the average absorbance from the triplicate assays is reported. The mean coefficient of variation of the triplicate assays of aminopeptidase-N activity across all samples was 0.080±0.005.
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Enzyme activities of the randomly sampled pieces from each intestinal section (of known mass) were calculated based on absorbance measurements from the average of the triplicate assays and on glucose and p-nitroanilide standards. Activities are expressed as micromoles substrate converted per minute per gram of wet mass of tissue ('mass-specific activity'). Mean mass-specific enzyme activities were calculated by averaging the mass-specific activity of the proximal, medial and distal intestine sections for a given bird. We calculated the 'summed enzymatic capacity', an index of the total hydrolysis activity of the entire small intestine, by multiplying average activity per gram tissue in the sample from each intestinal section by their respective whole section masses, and summing over the three sections.
Tissue composition analyses
Dry masses of the liver and of the combined muscle (flight + leg) samples were recorded and water mass (gwettissue-gdrytissue) was calculated. Dried tissue samples were individually wrapped in predried filter paper, and lipids were extracted from the samples using diethyl ether in a modified Soxhlet side-arm extractor. Lean dry mass and tissue mass extracted (gdrytissue-gleandrytissue), as well as indices of tissue water content (gwaterg 
Statistical analyses
Results are given as means ± 1 s.e.m. (N10 nestlings per agetreatment group unless otherwise noted). All tests were carried out using SYSTAT (Version 10) (Wilkinson, 2000) and R (R Development Core Team, 2008) statistical packages. Two-sample t-tests were performed to compare body mass and structural measurements between control and food-restricted birds on the initial day of the experiment (ageday 3 post-hatch). Daily food intake, body mass, body temperature and skeletal length measures (skull, wing and tarsus) of control and food-restricted birds throughout the experimental period were compared using a linear mixed-effects model fit by maximizing the restricted loglikelihood, with 'treatment' and 'day' as fixed effects and 'nestling' as a random effect. Wet and lean-dry organ and muscle masses were analyzed with analysis of covariance (ANCOVA), with feeding treatment as a factor and tarsus-cubed (an index of total body size) as a covariate. An alternative ANCOVA using organ-free body mass (body mass-assimilation organ mass) as the covariate gave consistent statistical results (data not shown). Tarsus-cubed (to link a linear skeletal measure to body size 'volume') was chosen as a covariate given that skeletal measures are related to structural body size (Sibly et al., 1987; Piersma and Davidson, 1991) and are less variable than mass measures. Summed enzymatic capacity was analyzed with ANCOVA, with feeding treatment as a factor and intestine mass as a covariate. To examine age-dependent effects on body components, we also performed analyses of final skeletal lengths, organ mass, muscle mass, mass-specific intestinal enzyme activity, summed enzymatic capacity and tissue composition measures (water content and lipid content) using two-way ANOVA, with age and feeding treatment as factors. Tukey's honestly significant difference (HSD) test was used for pairwise comparisons following significant two-way ANOVA results. Tests for normality and homogeneity of variance confirmed that assumptions for ANOVA/ANCOVA were met, and therefore no transformations of the data were performed. In all tests, the significance level was set at P<0.05 and 0.05<P<0.10 was considered to indicate a non-significant trend.
RESULTS
Growth and body temperature
Food-restricted birds were fed 0.24±0.01% less than the control birds' total daily food intake throughout the experimental period (P<0.001). At the initiation of the experiment (day 3 post-hatch), birds in control and food-restricted groups did not significantly differ in body mass (P0.952) or length of the tarsus (P0.429), wing (P0.982) or skull (P0.657). Body mass, tarsus, wing, skull and body temperature measures significantly increased with age (P<0.001 for all measures; Fig.1 , wing and skull data not shown). Beginning at day 6 post-hatch (after two full days of hand feeding in the laboratory) and through the end of the experimental period, body mass was consistently lower in food-restricted birds compared with controls by an average of 13% (P<0.001; Fig.1A) ; however, lengths of the tarsus (P0.495), wing (P0.182) and skull (P0.701) did not significantly differ between treatments throughout the experimental period (tarsus, Fig.1B ; skull and wing data not shown). Final skeletal measures of the tarsus, wing and skull significantly increased among the age groups (P<0.001; Table1). There was no significant effect of treatment on final tarsus length (P0.201) or final wing length (P0.069; Table1). Although there was a significant overall treatment effect on final skull length (P0.037), post hoc analyses revealed that there were no significant pairwise differences in final skull length between control and foodrestricted birds of the same age (Table1). Body temperature was significantly reduced in food-restricted birds compared with controls throughout the nestling period (P0.024; Fig.1C ).
Wet masses of assimilation organs and muscles
Body size (indexed by tarsus-cubed) was a significant covariate when examining wet mass of the intestine (F 1,56 7.37, P<0.001; Fig.2A ), liver (F 1,56 36.76, P<0.001; Fig.2B ) and pancreas (F 1,56 17.74, P<0.001; Fig.2C ), but not the gizzard (F 1,56 0.05, P0.819; Fig.2D ). All assimilation organ masses were significantly reduced in foodrestricted birds compared with controls, even after accounting for body size differences. Wet masses of the intestine (F 1,56 11.65, P<0.001; Fig.2A ), liver (F 1,56 33.76, P<0.001; Fig.2B ), pancreas (F 1,56 9.76, P0.003; Fig.2C ) and gizzard (F 1,56 5.08, P0.028; Fig.2D ) averaged 12, 26.5, 14 and 6% lower, respectively, in food-restricted birds compared with controls across all ages. Two-way ANOVA examining age-dependent differences in organ masses were consistent with ANCOVA analyses, except that age was a significant predictor of gizzard mass (F 2,54 3.55, P0.036), though body size was not.
Wet mass of the leg and flight muscles of food-restricted birds averaged 9 and 20.5% lower, respectively, than controls across all ages. After controlling for differences in body size (a significant covariate for both muscle groups), the trends of (error bars are smaller than the circles in some cases) for control (filled circles) and food-restricted (unfilled circles) birds (N30 per group for age 3-6days, N20 per group for age 4-9days and N10 per group for age 10-12days). Body mass, tarsus length and body temperature significantly increased with age. Body mass and body temperature, but not tarsus length, were significantly reduced in food-restricted birds compared with controls.
Table1. Skeletal measures and summary of results of ANOVA for the effects of age and feeding treatment on final tarsus, skull and wing length of control and food-restricted house sparrows in three age groups 
T. L. Killpack and W. H. Karasov
Intestinal enzymes
Mass-specific aminopeptidase-N activity (activity per gram intestine) significantly increased with age in all intestinal sections (proximal, medial and distal), whereas age had a significant effect on mass-specific maltase activity only in the proximal and medial sections (Table2, Fig.3 ). Feeding treatment did not have a significant effect on mass-specific aminopeptidase-N or maltase activity in any of the intestinal sections (Table2, Fig.3 ).
Mean mass-specific enzyme activity (average activity per gram intestine of all three sections) of aminopeptidase-N and maltase significantly increased with age, but did not significantly differ between feeding treatment groups (Table2, Fig.4A ). Summed enzymatic capacity for aminopeptidase-N and maltase significantly increased with age (Table2, Fig.4B ). Summed enzymatic capacity of aminopeptidase-N and maltase were significantly higher in control birds compared with food-restricted birds at all ages (Table2, Fig.4B ). After controlling for differences in intestine mass, there was no significant difference in summed enzymatic capacity of aminopeptidase-N between treatments (F 1,57 3.02, P0.088), yet summed enzymatic capacity of maltase (F 1,57 5.32, P0.025) was significantly higher in control birds compared with food-restricted birds at all ages.
Tissue composition
Lean dry mass of combined flight and leg muscles was 22% lower in food-restricted birds compared with controls, a significant treatment effect (F 1,55 229.75, P<0.001), even after accounting for significant body size differences (F 1,55 4.30, P0.043). When examining lean dry muscle mass using two-way ANOVA, age and feeding treatment were significant factors, and there was a significant interaction of age and feeding treatment (Table3). Post hoc analyses revealed that there was no significant difference in lean dry muscle mass between control and food-restricted 6-day-old birds, but a lower lean dry mass was observed in food-restricted birds compared with controls at days 9 and 12 post-hatch (Table3). Water content (gwaterg -1 leandrymuscle) of combined flight and leg muscles significantly decreased with age and there was a trend for higher muscle water content in food-restricted birds compared with controls (Table3). No significant difference in muscle lipid content (gextractedg -1 leandrymuscle) was observed with respect to age or treatment group (Table3).
Lean dry mass of the liver was 25% lower in food-restricted birds compared with controls, a significant treatment effect (F 1,56 21.13, . Organ and muscle wet masses of control (filled) and food-restricted house sparrows (unfilled) with respect to body size (tarsus-cubed). Solid lines represent least-square linear trends for control birds and dashed lines represent linear trends for food-restricted birds. Body size was a significant covariate when examining wet mass of the intestine, liver, pancreas, leg muscle and flight muscle, but not the gizzard. All assimilation organ masses were significantly reduced in food-restricted birds compared with controls, even after accounting for body size differences, but reductions in leg wet mass and flight muscle wet mass in food-restricted birds were not statistically significant.
Table2. Summary of two-way ANOVA for effects of age and feeding treatment on aminopeptidase-N and maltase activity (proximal, middle, distal and mean mass-specific activity, total summed enzymatic capacity) in house sparrows Age Feeding treatment Age ϫ Treatment leandryliver) was significantly higher in control birds compared with food-restricted birds by an average of 27% across all ages, though there was no significant change in lipid content of the liver with age (Table3).
DISCUSSION
Beginning at 3days post-hatch, we imposed a 25% food restriction to determine its impact on growth and development in nestling Data are means ± s.e.m. for control (filled circles) and food-restricted (unfilled circles) birds (N10 per age-treatment group). Mass-specific enzyme activities significantly increased with age in all sections, except in the case of maltase activity in the distal intestine, where no age-related differences in activity were observed. Feeding treatment did not have a significant effect on mass-specific enzyme activity (see Table2) .
Table3. Tissue measures and summary of results of ANOVA for the effects of age and feeding treatment on tissue composition of muscles and liver of control and food restricted birds in three age groups altricial house sparrows. This level of chronic, moderate food restriction is within the range that may be expected for a nestling that hatches asynchronously from sibling birds (Malacarne et al., 1994) or during a season of limited resource availability (Bertram et al., 1991; Thomas et al., 2001; Torok et al., 2004) . We observed significant reductions in body mass 2days after experimental food restriction began. These mass reductions persisted throughout the end of the experimental period, though structural growth was maintained. As we discuss below, reductions in the size and function of assimilation organs and muscles likely provided energy savings to allow food-restricted nestlings to maintain structural growth in line with well-fed controls.
Maintenance of structural growth
Long bone growth in endotherms is under strict endocrine control (Leach and Rosselot, 1992) and may be constrained to a critical window during development, given that levels of circulating growth hormones decline and growth-suppressing sex hormones increase with age (Scanes and Balthazart, 1981; Schew et al., 1996) . Therefore, if growth is not maintained when circulating levels of growth hormones are high, negative and permanent consequences for bird fitness and survival may result. Reduced size because of food limitation has been shown to delay fledging time (Cruz and Cruz, 1990; Searcy et al., 2004; Takenaka et al., 2005; Miller, 2010) , decrease social rank (Richner et al., 1989) and decrease predicted recruitment and survival of birds in the wild . A study of mourning doves showed that,
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overall, food-restricted nestlings fledged at later ages compared with controls (due to slower overall growth), yet the food-restricted birds that prioritized wing growth over growth of other body tissues mitigated the delayed fledging effects associated with their reduced size (Miller, 2010) . In both our control and food-restricted house sparrows, we observed rapid increases in tarsus length during the first week post-hatch, followed by slowed growth to day 12. Growth of the tarsus, skull and wing of food-restricted house sparrows was maintained in line with that of adequately fed controls, which is in agreement with previous studies showing prioritization of skeletal growth (relative to mass gain) in altricial young faced with acute or chronic, moderate restriction (Negro et al., 1994; Lacombe et al., 1994; Lepczyk and Karasov, 2000; Moe et al., 2004 ). An equivalent prioritization of skeletal growth was observed in our preliminary study of 25% chronic restriction lasting until 25days post-hatch in house sparrows (Killpack et al., 2010) . Compared with controls, food-restricted birds reached a significantly lower asymptotic body mass at day 12 post-hatch and had consistently lower body mass through day 25 post-hatch. However, food-restricted birds maintained skeletal growth in line with controls and fledged at the same age (Killpack et al., 2010) . This pattern of reduced asymptotic body mass and maintenance of skeletal growth and fledging date has also been demonstrated with chronic 20-30% food restriction in captive American kestrels (Lacombe et al., 1994) . Thus, maintenance of skeletal growth within the limitations imposed by chronic, moderate food restriction may allow birds to avoid the enduring negative consequences of reduced structural size on competitive abilities and survival within and outside of the nest.
Our experimental restriction of 25% was below the level that shifts resource allocation away from skeletal growth in altricial nestlings. Chronic restriction at more severe levels of 40-50% significantly reduced culmen and tarsus growth concomitant with body mass reductions in other studies of altricial birds (Searcy et al., 2004; Sears and Hatch, 2008) . When these restricted birds were re-fed ad libitum for approximately 1year after fledging, structural reductions persisted despite recovery of body mass (Searcy et al., 2004; Sears and Hatch, 2008) . These data reinforce the notion that, although body mass reductions in our experimental nestlings may be reversible upon realimentation after fledging, skeletal growth patterns are less flexible to fluctuating food supply, and are constrained to critical windows of growth. Therefore, food-restricted birds must prioritize energy allocation to growth of long bones during the nestling period immediately post-hatch to prevent permanent stunting and negative impacts on fledging and success outside of the nest.
Energy-saving reductions in assimilation organ mass, activity and composition
In contrast to the inflexibility of skeletal growth in response to chronic, moderate food restriction, nestlings showed considerable plasticity in assimilation organ masses and intestinal enzymatic capacity. After only 3days of imposed 25% food restriction (at day 6 post-hatch), food-restricted nestlings showed significant decreases in assimilation organ mass and enzymatic capacity that persisted for the duration of growth to asymptotic body mass attained at day 12 post-hatch. It has been proposed that metabolically active assimilation organs are expensive to maintain. It has been estimated that the digestive tract and liver of small mammals may account for 20-25% of the whole-animal metabolic rate (Martin and Fuhrman, 1955; Cant et al., 1996) . Within rodent and avian species, increases Mean mass-specific activities and summed enzymatic capacities significantly increased with age. Summed enzymatic capacities, but not mean mass-specific activities, were significantly reduced in food-restricted nestlings (see Table2) .
in size of the assimilation organs are associated with increases in basal metabolic rate (Konarzewski and Diamond, 1995; Piersma, 2002) . Because of these metabolic costs, fitness advantages should lead to the size and performance of birds' digestive systems to be matched to food intake (Karasov et al., 2011) . Reductions in assimilation organ size and enzymatic capacity have been observed with acute food restriction (from 50 to 70%) lasting several days in both full-grown adult birds (Karasov and Pinshow, 1998; Lee et al., 2002; Karasov et al., 2004) and growing altricial nestlings (Konarzewski et al., 1996; Brzęk and Konarzewski, 2001) . Massspecific enzyme activity did not significantly decrease with food restriction in this study, yet summed enzymatic capacity did, indicating that reduction in enzyme capacity can be attributed to mass loss of intestinal tissue (Lee et al., 2002) . Because intestinal enzyme activity rates decline with decreasing temperature (Karasov and Hume, 1997) , we may expect even larger reductions in enzymatic capacity in food-restricted birds in vivo, given that these birds generally had reduced body temperature compared with controls.
As a result of reductions in food intake, chronically foodrestricted birds stored less energy as lipid, as indexed by the liver lipid content. This pattern was also observed in previous studies of both acute (Konarzewski and Starck, 2000; Brzęk and Konarzewski, 2001; Moe et al., 2004) and chronic food limitation in birds (Burness et al., 2000; Dahdul and Horn, 2003; Takenaka et al., 2005) . It is important to note that reduction in lipid content does not account for the total reduction in liver wet mass observed in food-restricted birds; liver lean dry mass of food-restricted birds was also significantly reduced compared with controls at all ages. Thus, reductions in the size, function and stored energy content of assimilation organs to match chronically limited nutrient flow likely freed energy necessary for maintenance of skeletal growth.
In contrast to the inflexibility of skeletal growth, reductions in assimilation organ mass, enzymatic capacity and lipid content may be rapidly reversible upon realimentation, and therefore may not cause permanent issues for further growth and success of the nestling. Previous studies in young birds re-fed after restriction or fasting have shown recovery of reduced assimilation organ mass and lipid stores upon realimentation (Konarzewski et al., 1996; Lepczyk et al., 1998; Konarzewski and Starck, 2000; Fassbinder-Orth and Karasov, 2006) . Future studies on the response of chronically food-restricted nestlings to realimentation would shed light on the extent to which reductions in assimilation organ mass, function and tissue lipid composition are in fact reversible.
Reductions in muscle mass but not maturity
There are competitive and fitness advantages to maintaining normal development of muscle size with respect to whole body size, given that muscles play an important role in sibling competition, flight and thermoregulation in altricial birds. Shortterm fasting and food restriction in adult passerines results in muscle mass reductions proportional to body mass reductions (Karasov et al., 2004) , and indeed, after total body size differences were accounted for, there was a non-significant trend for reduced wet muscle mass in our chronically food-restricted nestlings compared with controls. We observed no significant effect of food restriction on lean muscle mass in 6-day-old house sparrow nestlings. Nestlings at this age had combined flight and leg muscle mass accounting for less than 4% of total body mass and had minimal mobility and thermogenic capacity (Brzęk et al., 2009 ). In contrast, chronic food limitation did reduce functional lean muscle mass in 9-and 12-day-old food-restricted birds compared with same-aged controls, which is in agreement with other studies of acute food restriction in growing birds (Brzęk and Konarzewski, 2001; Moe et al., 2004; Takenaka et al., 2005) . Control birds at this age have a combined flight and leg muscle mass accounting for 6 or 9% of body mass, respectively, and show increased mobility and thermoregulatory independence compared with 6-day-old birds (Seel, 1969) . Thus, food restriction had a more profound impact on functional muscle mass at those ages after which birds have begun prioritizing growth of muscles important for mobility and thermoregulation.
Relatively higher muscle water content can be used as an index for functional immaturity of muscle tissue in birds, and reduction in muscle water content coincides with increasing lean content and thermogenic capacity after cold stress in altricial starlings (Ricklefs and Webb, 1985) . In agreement with previous studies, muscle water content of house sparrow nestlings declined with age (Ricklefs, 1967; Ricklefs and Webb, 1985; Konarzewski et al., 1996; Bech and Østnes, 1999; Konarzewski and Starck, 2000) but was not significantly altered with experimental nutrient limitation in growing birds (Konarzewski et al., 1996; Burness et al., 2000; Dahdul and Horn, 2003; Takenaka et al., 2005) . The trend for higher muscle water content in restricted birds compared with controls (P0.069) suggests that if chronic food restriction were imposed at a more severe level or for a longer duration, more significant differences in muscle water content in conjunction with lean muscle mass differences may be observed. Future studies must be performed to test this prediction.
Though chronic, moderate 25% food restriction does not appear to significantly alter muscle functional maturity as indexed by water content, we did observe reduced body temperature in food-restricted birds compared with controls, which may be indicative of reduced development of thermogenic capacity. Food restriction by experimental feeding reductions or brood enlargement has been associated with significant reductions in body temperature and sizespecific resting metabolic rates in other growing birds (Boersma, 1986; Kitaysky, 1999; Burness et al., 2000; Konarzewski and Starck, 2000; Brzęk and Konarzewski, 2001; Moe et al., 2004) . In this study, the greatest reductions in body temperature of food-restricted birds were observed during the period of rapid growth, when energy requirements are highest (5-9days post-hatch), but not after day 9 post-hatch, when whole-body growth rate was decreasing. Thus, reduced body temperature in food-restricted birds may indicate facultative metabolic adjustments to decrease maintenance energy expenditure in the face of food limitation. Direct measurement of oxygen consumption rates would be necessary to verify this inference.
Alternatively, body temperature reductions in food-restricted birds may be a consequence of imposed reductions in assimilation organ and muscle size, and in effect, reductions in maintenance costs. Liver lean dry mass and lipid mass were positively correlated with resting metabolic rate in growing birds (Bech and Østnes, 1999; Moe et al., 2004) . Significant reductions in these measures in food-restricted house sparrows could have resulted in decreased metabolic activity, thereby indirectly decreasing body temperature. Also, slight reductions in mass of the muscles, an important site of thermogenesis in birds, may have contributed to reductions in resting metabolic rate and body temperature (Moe et al., 2004) . We cannot comment definitively on the impact of chronic food restriction on the development of thermoregulatory capacity in our experimental birds because no cold-challenge experiments were performed in the present study.
Conclusions
In summary, reductions in assimilation organ mass, intestinal enzymatic capacity and liver lipid storage were observed in growing altricial birds experiencing chronic 25% food restriction. It is possible that reallocation of energy saved by these reductions prevented decline in skeletal growth in the experimentally foodrestricted birds. Evolution of such developmental plasticity allows altricial birds in the wild to mitigate the negative effects that fluctuating resource availability may have on growth and development during the nestling period. Future research should specifically test the physiological response of chronically foodrestricted nestlings upon realimentation after fledging, as well as the impacts of chronic, moderate restriction on other aspects of maturity and fitness, such as thermoregulatory ability, immune function and fecundity. Also, investigation into the molecular regulatory controls in moderately versus severely restricted nestlings is of interest.
